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ABSTRACT 
Homeodomain proteins contain a 60 amino acid DNA binding motif called homeobox 
that regulates a variety of developmental events. Recently, a novel cluster of homeobox 
genes has been discovered on the X chromosome of the mouse. Because of their selective 
expression in reproductive organs, they are named Reproductive homeobox genes on the 
X chromosome (Rhox). Rhox6, a member of the Rhox family, is expressed in primordial 
germ cells (PGCs) in the developing gonad and the placenta, although the biological 
function of Rhox6 in determination of PGCs and placental cells remains unknown. To 
investigate the Rhox6 function, we generated male chimeras by injection of the gene-
trapped embryonic stem cells  (ESCs) harboring a hypomorphic mutation in Rhox6 into 
wild-type blastocysts. Almost all of the male chimeras exhibited dramatically reduced 
fertility associated with smaller testes, reduced sperm number and motility and abnormal 
morphology of the epididymal sperm. To obtain a better understanding of the Rhox6 
function in germ cell differentiation, we took advantage of in vitro ESC culture. ESCs 
can differentiate into PGCs when ESCs are cultured as aggregates called embryoid bodies 
(EBs). By using a mouse ESC line that expresses the enhanced green fluorescent protein 
(EGFP) under the promoter of Oct3/4, a central regulator of cellular pluripotency, the 
presence of PGCs within EBs was monitored in real time by EGFP expression. While this 
ESC line was induced to differentiate into PGCs, expression of Rhox6 was 
downregulated by stable expression of the short-hairpin (sh) RNA against the Rhox6 
transcripts and we found that continuous downregulation of Rhox6 expression resulted in 
dramatic decrease in the number of germ cells differentiated. Collectively, these results 
suggest that downregulation of Rhox6 impairs differentiation of PGCs. 
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CHAPTER 1 
Literature review         
        About 15% of couples are unable to conceive spontaneously (Cooke and Saunders, 2002), 
whereas up to two thirds of males among such couples suffer from infertility (Bhasin et al., 
1994). Because genetic mutations such as chromosomal aberrations and single nucleotide 
substitutions have been identified in male patients suffering from infertility (Ferlin et al., 2007), 
a better understanding of male germ cell differentiation with respect to gene expression may lead 
to development of innovative and effective means to treat male infertility. To achieve this goal, I 
summarize our current knowledge in male germ cell differentiation and identify critical needs.  
 
Mouse Embryonic Development and Origin of The Germ Cell Lineage 
        In many animal species, embryonic development begins with fertilization of an egg by a 
sperm.  By 24 hours after fertilization, human and mouse embryos complete the first cell division 
cycle and will continue to divide once every 12 hours for mouse and 24 hours for human in 
average until they reach the uterus for implantation. It usually take three to four days for the 
mouse zygote to make its way to the uterus and, for human zygotes, five to seven days, when 
these embryo develop into blastocysts. Once blastocysts implant, they grow much faster due to 
proliferation and differentiation of pluripotent cells, known as the epiblast, from which the 
embryo proper will develop. This differentiation process is initiated by the critical event called 
gastrulation. Gastrulation begins seven days after fertilization in mouse embryos, and between 
days 14 and 16 of human development. Gastrulation establishes the basic body plan and organ 
primordium of the future body (Hogan et al., 1994; Gilbert, 2000).   
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        Differentiation of germ cells is initiated during gastrulation. These germ cell precursors start 
to migrate toward the gonadal primordium, genital ridges, wherein they become known as 
gonocytes (McLaren, 2003). However, the precise events and timing of germ cell lineage 
establishment in human embryos remain to be investigated.  
        In mouse embryos, founder population of primordial germ cells (PGCs) are determined at 
the early stage of embryogenesis and set aside from the rest of the body part (Fujimoto et al, 
1977; Aflatoonian and Moore, 2006; Ohinata et al. 2006; Saitou et al. 2009). The PGCs are 
specified at the posterior end of the extending primitive streak during gastrulation at 7.2 days 
after fertilization (Saitou et al., 2002). These cells then enter the epithelium of the future hind-gut, 
migrate along the wall of the developing gut while proliferating, localize into the genital ridges 
and eventually develop into functional gametes (Anderson et al., 2000).  The determination, 
proliferation, migration and differentiation of PGCs determine the number and the function of 
mature gametes. Thus, elucidating the mechanism of PGC determination and differentiation is 
crucial for understanding the etiology of various aspects of infertility (Grimaldi et al., 2002; 
Ferlin et al., 2007). 
 
Specification of Primordial Germ Cells 
        During differentiation events from establishment of the germ cell fate to production of 
haploid spermatozoa, germ cells start their migration to reach future gonads. Afterward, germ 
cells experience dramatic morphological changes, which result in reducing the diploid set of 
chromosomes into a haploid set. Importantly, during this event homologous chromosomes cross 
over and recombine. Thus, the biological diversity is retained by generating the haploid genome. 
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Cell type- and stage-specific transcriptional factors are involved in many of these events 
(Maclean and Wilkinson, 2005). 
 
Specification of the germ-line by repression of the program to differentiate somatic cells  
       In the experimental model organisms such as fruit fly (Drosophila melanogaster), the soil 
roundworm (Caenorhabditis elegans), African clawed frog (Xenopus laevis), and zebrafish 
(Danio rerio), germ cells are specified by the specific cytoplasm localized in oocytes, named 
“germ plasm”. It contains mitochondria and unique electron-dense granules consisting of 
uncharacterized RNA and proteins. These granules are variously referred to as germinal granules 
in Xenopus, polar granules in Drosophila and P-granules in C. elegans (Wylie, 2000). On the 
other hand, in other experimental model organisms such as newts and mice, specification of 
primordial germ cells is determined not by inheritance of the germ plasm, but by an inducing 
signal from neighboring cells, which is a popular mode for germ cell specification in metazoans 
(Extavour and Akam, 2003; Tam and Zhou, 1996).  
        Despite the differences in specification of PGCs among these experimental models, PGC 
specification may depend on the common mechanism, which is transcriptional repression of 
genes expressed in somatic cells (Seydoux and Braun, 2006). There are two independent modes 
of transcriptional repression in germ cells: one early mode involving direct inhibition of RNA 
polymerase II and a later mode regulates at the level of chromatin modification (Blackwell, 2004; 
Schaner and Kelly, 2006). In the first mode, for instance, the transcriptional block in C. elegans 
depends on pie-1, a germ plasm component inherited maternally. When transcription was turned 
on in PGC precursors in pie-1 mutants, PGCs were not differentiated (Blackwell, 2004). The loss 
of PGCs in the pie-1 mutant C. elegans embryos was due to transformation of germ cell 
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precursors into somatic cells (Schaner and Kelly, 2006).  Similarly, in mice, PGCs do not 
express Hox gene transcripts, which are actively transcribed in neighboring somatic cells, 
suggesting that downregulation of Hox gene transcripts is essential for PGC specification 
(Ohinata et al., 2006).  In the later mode, for example, in Drosophila and C. elegans, early germ 
cells have reduced level of H3-K4me2 (dimethylation of lysine 4 on histone H3), a methyl mark 
linked with transcription. In C. elegans, H3-K4me2 levels drop only in later stage after pie-1 
disappears from the germ lineage and PGCs exhibit an elevated ratio of trimethylated to 
dimethylated H3-K27, a mark correlated with transcriptional repression (Schaner and Kelly, 
2006). Collectively, these experimental evidences suggest that global repression of the program 
to differentiate somatic cells is essential to promote the fate of germ cells.  
 
 
Genetic regulation of PGC specification 
Signaling molecules involved in primordial germ cell specification 
        In mouse embryos, cellular competency to differentiate into germ cells is retained in the 
proximal epiblast cells at 7 days after fertilization. An inducing signal that emanates from the 
extraembryonic ectoderm  (McLaren, 1999; Yoshimizu et al., 2001) is necessary to direct the 
fate of the proximal epiblast cells into the germ cell lineage. However, these proximal epiblast 
cells at this stage are not lineage restricted, as they give rise to primordial germ cells (PGCs) as 
well as somatic cells  (Lawson and Hage, 1994). 
        Gene knockout studies have demonstrated that a member of the transforming growth factor 
β (TGFβ) family, Bone morphogenetic protein 4 (Bmp4), and its downstream target transcription 
factor Smad5, are essential for PGC specification  (Lawson et al., 1999; Chang et al., 2002; Zhao, 
2003). Bmp4 homozygous null mouse embryos develop no PGCs. Additionally, Bmp4-knockout 
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embryos failed to differentiate the extraembryonic mesodermal tissue, allantois, from precursors 
in the proximal epiblast. In Bmp4 heterozygotes, there were fewer number of PGCs formed due 
to a reduced size of the founder population, whereas there was no effect detected on its 
subsequent expansion (Lawson et al., 1999). Bmp4 is initially expressed in the extraembryonic 
ectoderm (ExE) directly contacting the proximal epiblast from around 5.5 days after fertilization 
(Lawson et al., 1999). Its expression is further detected in the extraembryonic mesoderm (ExM) 
of mid- to late- primitive streak stage embryos around 7 days after fertilization. However, no 
expression of Bmp4 was detected in PGCs (Lawson et al., 1999; Fujiwara et al., 2001). Therefore 
these observations suggest that the initiation of germ cell specification in the mouse depends on a 
secreted signal from extraembryonic lineage (Lawson et al., 1999).  
In addition to Bmp4, Bmp8b, which is expressed exclusively in the ExE as early as 5.5 days after 
fertilization and Bmp2, which is expressed primarily in the visceral endoderm (VE) of 
pregastrulating and gastrulating embryos, also play important roles in establishment of the germ 
cell lineage (Ying et al., 2000; Ying and Zhao, 2001). These findings indicate that at least three 
Bmps, Bmp4, Bmp8b and Bmp2 are necessary for determination of PGCs in vivo. However, it is 
still not clear through which receptors these Bmps signal to specify PGCs. Thus of critical 
importance is to understand how initiation of PGC specification is regulated through 
transcription factors in the Bmp signaling pathway. 
        Accordingly, there are several Smad proteins transducing the Bmp signals. For instance, 
Smad1 and Smad5, normally expressed in the epiblast during gastrulation, are required for PGC 
specification (Chang and Matzuk, 2001; Tremblay et al., 2001; Hayashi et al., 2002). Both 
Smad1- and Smad5-deficient embryos develop with reduced number of PGCs. In addition, PGC 
specification requires heterodimers that Smad4 forms with either Smad1 or Samd5 to transduce 
  6
the Bmp signal  (Chu et al., 2004). Taken together, the Bmp signals are essential for PGC 
specification. However, the mechanism by which these signals induce differentiation of only a 
subset of posterior proximal epiblast cells into PGCs largely remains unknown.  
 
Genes involved in PGC specification 
        Despite the significance of embryological origin of PGCs and their dependency on the Bmp 
signaling pathway, genes involved in specification and maintenance of PGCs remain poorly 
understood. Because a smaller number of their founder population exists and is embedded deeply 
in somatic cells, analyzing gene expression during establishment of PGCs is a challenge. On the 
other hand, by means of single cell gene expression analysis, Saitou et al. (2002) has 
demonstrated that PGCs with high levels of an interferon-inducible trans-membrane protein 
fragilis/mil-1/IFITM3 (Saitou et al., 2002; Tanaka et al., 2005) and with exclusive expression of 
a small nuclear-cytoplasmic shuttling protein stella/PGC7/Dppa3 (Saitou et al., 2002; Sato et al., 
2002; Bortvin et al., 2003) repress Hoxb1 and Hoxa1, whereas these genes are highly up-
regulated in somatic neighbor cells (Saitou et al., 2002). Therefore, PGCs may escape from a 
somatic cell fate and commit to the germ-line by repressing expression of these homeobox genes. 
Additionally, the founder population of PGCs as well as their somatic neighbors express 
mesodermal markers T/ Brachyury and Fgf8 (Saitou et al., 2002). Thus, PGCs are specified from 
a population of cells originally destined for the mesodermal fate.  
        Further, single cell analysis has identified that Blimp1/Prdm1 (B lymphocyte-induced 
maturation protein-1) is expressed in the founder population of PGCs (Turner et al., 1994; 
Ohinata et al., 2005). Blimp is a zinc-finger-containing DNA-binding transcriptional repressor, 
functions as a master regulator of B cell terminal differentiation.  It has also been shown to 
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repress the expression of cell cycle regulators such as Myc, p18 and p21 and to downregulate the 
expression of other transcription factors, playing important roles in various aspects of embryonic 
development in many organisms (Vincent, 2005; Yang, 2005; Martins, 2008).  In Blimp1 mutant 
mouse embryos, the number of alkaline phosphatase (AP) -positive cells that are indicative of 
being PGCs was reduced at the early bud and early head fold stages of late E7.5 embryos, and 
was not increased in subsequent embryonic development. These AP-positive cells in Blimp1 
mutant embryos failed to migrate, consistently repress Hox genes, and express genes specific for 
PGCs, including stella (Ohinata et al., 2005). Therefore, these findings indicate that Blimp1 plays 
a central role in PGC specification  (Ohinata et al., 2005). However, the underlying interaction 
among Bmp signaling, Blimp1, Fragilis and Stella in specification, migration and proliferation of 
PGCs remains to be investigated.   
 
Molecules involved in PGC migration 
        After being specified, PGCs form a tight cluster at the base of the allantois and initiate their 
migration individually toward the future genital ridge at around 8 days after fertilization (Tam 
and Snow, 1981; Anderso et al., 2000). A number of genes play important roles for migration, 
proliferation and maintenance of PGCs. 
        Genetic studies have shown that the proto-oncogene receptor tyrosine kinase c-kit and its 
ligand the Steel factor (Sl) are necessary for migration, survival and proliferation of PGCs 
(Nocka et al., 1989; Godin et al., 1991; Besmer et al., 1993; Miguel et al., 2002). Additionally, 
evolutionarily conserved chemokine Stroma cell-derived factor1 (SDF1)/CXCL12 and its G-
protein-coupled receptor CXCR4 are crucial for migration of PGCs (Molyneaux et al., 2003).  
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        The POU domain transcriptional factor Oct3/4, which is expressed in pluripotent cells of 
preimplantation embryos and embryonic stem cells (Scholer et al., 1990; Yeom et al., 1996), is 
also necessary for the survival of PGCs, because PGC-specific deletion of Oct3/4 results in 
apoptosis of PGCs (Kehler et al., 2004). However, it remains to be determined how Oct3/4 
deficiency leads to apoptosis of PGCs. Because another key transcription factor Sox2 
collaborates with Oct3/4 to maintain cellular pluripotency  (Masui et al, 2007), it will be critical 
to study the function of Sox2 in maintenance of PGCs.  
        Interestingly, it has been recently shown that Hypoxia-inducible factor2α (Hif2α) plays a 
crucial role in specification of PGCs through regulating transcriptional activation of Oct3/4 in 
PGCs (Covello et al., 2006). In Hif2α mutant mice, the number of AP-positive PGCs was 
dramatically decreased 8 days after fertilization (Covello et al., 2006). Hifs are the main 
transcriptional regulators necessary for systemic hypoxic adaptation of mammalian cells 
(Semenza, 2000; Keith and Simon, 2007). Hifs regulate expression of at least 180 genes involved 
in metabolism, erythropoiesis, vascular remodeling, and cell survival  (Semenza, 2000). 
However, it remains to be elucidated whether Hif2α directly binds to the regulatory region of 
Oct3/4 in the PGC precursors. 
        In mice, the Ter mutation causes PGC loss by 8 days after fertilization when PGCs start to 
migrate and proliferate (Stevens, 1973; Noguchi and Noguchi, 1985).  No matter how the Ter 
allele is retained, the Ter mutation is dominant in all genetic background  (Sakurai et al., 1995). 
Recently, the Ter mutation was defined as a point mutation in the gene encoding a mouse 
orthologue of the zebrafish dead end gene (Dnd1), which introduces a premature termination 
codon in Dnd1 (Youngren et al., 2005). However, the underlying mechanism by which Dnd1 
regulates PGC migration and proliferation remains unknown.  
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        Nanos encodes an RNA-binding protein and plays a critical role in germ cell development 
and abdominal patterning in Drosophila (Wang and Lehmann, 1991; Subramaniam and Seydoux, 
1999; Tsuda et al., 2003). Nanos suppresses gene expression required for differentiation of 
somatic cells. In the absence of maternal Nanos, PGCs failed to migrate into gonad and were not 
able to differentiate into functional gametes (Kobayashi et al., 1996; Hayashi, et al, 2004). In 
mice, expression of the mouse homologue of Nanos, Nanos3, is found in PGCs as early as 7.25 
days after fertilization (Yabuta et al., 2006). In the absence of Nanos3, PGC specification occurs 
normally but the number of PGCs is reduced 8.0 after fertilization, and all the PGCs are lost 
eventually (Tsuda et al., 2003). However, the underlying mechanism by which Nanos3 regulates 
maintenance and proliferation of PGCs remains to be explored.  
        Taken together, many cell signaling molecules, RNA-binding proteins and transcription 
factors play essential roles in PGC migration, proliferation and maintenance/survival. However, 
the direct interactions of these molecules as well as the underlying mechanism in which these 
molecules are involved remain unexplored. Needless to say, other gene product(s) may play a 
similar role in specification, migration, proliferation and/or maintenance of PGCs.  
 
Pluripotency of PGCs  
         When PGCs aberrantly migrate elsewhere than the genital ridges, such aberrant PGCs 
normally initiate the cell death program due to the lack of survival factors such as Sl and/or 
CXCL12 (Godin et al., 1991; Besmer et al., 1993; Molyneaux et al., 2003; Runyan et al., 2009). 
However, occasionally these aberrant PGCs grow as tumors called teratomas which are benign 
monstrous tumors containing a variety of differentiated cells of ecto-, meso- and endoderm 
origin (Stevens, 1967). Despite this fact, when PGCs are isolated and mixed with 
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preimplantation embryos, PGCs do not contribute to the body of chimeric embryos (Donovan, 
1998). On the contrary, when cultured in vitro in the presence of exogenous signaling molecules, 
such as fibroblast growth factor2  (FGF2), leukemia inhibitory factor  (LIF) and Steel 
factor/stem cell factor  (Sl/SCF) (Durcova-Hills et al., 2006; Durcova-Hills et al., 2008), PGCs 
can become pluripotent stem cells similar to embryonic stem cells, namely embryonic germ (EG) 
cells.  EG cells can differentiate into many specialized cell types in vitro and can contribute to 
development of normal chimeric embryos after injection into blastocysts (Zwaka  and Thomson, 
2005). Thus, PGCs are potentially pluripotent in a context dependent manner (Durcova-Hills et 
al., 2006). It would be interesting to study the mechanism by which PGCs can be reprogrammed 
into pluripotent stem cells in vitro. This exact mechanism may also function in an opposite way 
to prevent PGCs from aberrantly becoming pluripotent and differentiating in ectopic places.   
        Remarkably, it was demonstrated by a stunning study in 2006 that, with retroviral 
transduction of four transcription factors, Oct3/4, Sox2, Klf4 and c-Myc, mouse adult fibroblasts 
were able to be reprogrammed into pluripotent stem cell-like cells similar to embryonic stem  
(ES) cells, and these cells were named induced pluripotent stem  (iPS) cells (Takahashi and 
Yamanaka, 2006). Subsequently, human iPS cells have been generated using transcription 
factors Oct3/4 and Sox2, and additionally with either Klf4 and c-Myc (Takahashi et al. 2007) or 
Nanog, and Lin28 (Yu et al., 2007), which making an unprecedented opportunity to create 
patient-specific disease models for research purposes possible, ESCs are considered to be 
equivalent to the inner cell mass (ICM) cells because ESCs are derived from them. However, 
emerging evidences suggest that the in vivo counterpart of ESCs is PGCs (Zwaka and Thomson, 
2005). Interestingly, PGCs are the only cells in developing embryos that express three of the key 
factors to generate iPS cells, Oct3/4, Sox2 and Nanog, after gastrulation (Yabuta et al., 2006). It 
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remains to be investigated if PGCs express Klfs or c-Myc. Furthermore, it has recently been 
shown that putative PGCs can be derived from human ESCs by making modest changes to the 
growth conditions commonly used to expand hESCs, without using genetic manipulation or 
complex three-dimensional culture (Bucay et al., 2009). However, a question remains: how cells 
expressing key genes required for the reprogramming become pluripotent stem cells? Further 
studies on germ cell differentiation and the pluripotent potential of PGCs may lead us to a better 
understanding of the reprogramming event.  
 
Rhox Gene Family  
        Transcription factors play an essential role in altering gene expression. It has been estimated 
that 10% of proteins within a cell are transcription factors that regulate important cellular 
processes, including cell lineage determination, differentiation, cell growth, and temporal or cell 
type-specific gene expression (Lemon and Tjian, 2000). Therefore, studies focusing on detailed 
interpretation of the regulatory role of transcription factors provide a better understanding of how 
various aspects of development events are achieved through precise transcriptional control. 
        Homeobox genes encode transcription factors containing a 60-amino-acid DNA binding 
domain called homeodomain (Gehring and Hiromi, 1986). The homeodomain was first identified 
because mutations in the genes encoding such a protein domain commonly resulted in homeotic 
transformation of Drosophila segments (McGinnis and Krumlauf, 1992; Gehring et al., 1994). 
Later, genes encoding the homeobox are widely found among metazoan species analyzed, 
ranging from sponges to vertebrates (Carrasco et al., 1984) including humans (Levine et al., 
1984), and also in plants (Ruberti et al., 1991; Vollbrecht et al., 1991) and fungi (Shepherd et al., 
1984; Schulz et al., 1990). The homeobox allows homeodomain proteins to recognize the 
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specific target sequences. Therefore, these homeodomain proteins act as transcription factors that 
regulate expression of their target genes in a spatially and temporally coordinated manner 
(Gehring et al., 1994). The homeodomain transcription factors regulate many developmental 
processes, including axis formation, limb development, and organogenesis (Weatherbee et al., 
1998; Kmita and Duboule, 2003). 
  There are over 50 homeobox genes expressed in the male reproductive organs (Shashikant 
et al., 1991; Hu et al., 2007). However, their precise functions in spermatogenesis and fertility 
remain largely unknown (Branford et al., 1997; Li et al., 1997). By contrast, recently, a new 
cluster of 12 homeobox genes has been indentified on the X chromosome of the mouse. They are 
specifically expressed on male and female reproductive organs, such as the testis, epididymis, 
ovary, and placenta (MacLean et al., 2005), playing important regulatory roles in reproduction. 
Thus, they are named Reproductive Homeobox on the X chromosome, Rhox, and are numbered 
based on their physical distance from the centromere. 
        A member of Rhox family, Rhox5, is originally named Pem (Sutton and Wilkinson, 1997) 
and is expressed in PGCs (Daggag et al., 2008) and the placenta (MacLean et al., 2005). 
Furthermore, Rhox5 is expressed in Sertoli cells during spermatogenesis in mature male mice 
(Bhardwaj et al., 2008). It has been shown that targeted disruption of Rhox5 resulted in increased 
male germ cell apoptosis and reduced number of sperm, sperm motility and fertility (MacLean et 
al., 2005), although Rhox5-deficient mice are fertile  (Pitman et al., 1998). The result support the 
idea that Rhox play important roles in reproduction. 
Another member of Rhox family, Rhox9, is expressed in the germ cells in developing gonads 
and the placenta (Han et al., 2000; Takasaki et al., 2000). Also, Rhox9 is expressed in both male 
and female embryonic urogenital ridges at the onset of sexual dimorphism in mice, with more 
  13
transcripts accumulated in female germ cells in later embryonic development (Takasaki et al., 
2000). Rhox9 is originally named Psx2, and has been demonstrated to have no significant 
biological function, even in reproduction  (Takasaki et al., 2001). However, this observation may 
raise a possibility that other members of the Rhox family can functionally compensate the 
deficiency in the Rhox9 function. 
         To support this idea, another member of the Rhox family, Rhox6, is highly homologous to 
Rhox9 and 80% of its homeodomain is identical to that of Rhox9  (MacLean et al., 2005). Rhox6 
is originally named Placenta-specific homeobox 1 (Psx1) and expressed specifically in the 
placenta, but not detected in fetus, pups, and adult tissue(Han et al., 1998; Chun et al., 1999; 
Tanaka et al., 2000). Similar to the expression pattern of Rhox9, Rhox6 is also expressed in the 
male and female embryonic urogenital ridges at the onset of gonadal dimorphism (Takasaki et al., 
2000; Daggag et al., 2008). The comparable levels of Rhox6 are initially present in both sexes, 
and its transcripts accumulate more abundantly in female germ cells in later embryonic 
development (Takasaki et al., 2000; Daggag et al., 2008). So far, there is no study about Rhox6-
deficient mice reported.   
 
The Embryonic Stem Cell as A Powerful Tool to Study Biological Functions of Genes in 
Germ Cell Differentiation 
        Embryonic stem (ES) cells are derived from the inner cell mass (ICM) of blastocysts when 
blastocysts are cultured in vitro (Evans and Kaufman, 1981; Martin, 1981). Those cells are 
considered pluripotent cells as they maintain the ability to undergo differentiation to almost all of 
the cell types in vitro and they participate in embryonic development when injected into 
blastocysts ESCs (Bradley et al., 1984). There are three main advantages of ESCs as a surrogate 
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assay system to study embryogenesis; (1) they can provide a source of relatively uniform 
undifferentiated cells, (2) they can provide an unlimited number of cells, and (3) they can 
provide mutant models. Due to these reasons, ESCs serve as one of the primary tools to 
understand the mechanisms of cell fate decision  (Giadrossi et al., 2007; Nishikawa et al., 2007). 
         Primordial germ cells (PGCs) are closely related to embryonic stem (ES) cells and 
embryonic germ (EG) cells (Zwaka and Thomson, 2005). Mouse ESCs can differentiate into 
PGCs, and gametes in vitro (Hubner et al., 2003, Geijsen et al., 2004). Recently, immature sperm 
cells derived from mouse ESCs in culture have generated live offspring (Nayernia et al., 2006). 
Although still preliminary, a recent study has demonstrated that human ES cells (hESCs) 
apparently display a similar developmental capacity to generate PGCs and immature gametes 
(Bucay et al., 2009). Therefore, this ES cell technology offers great potential for new types of 
reproductive biological studies including a readily accessible system to understand germ cell 
development in mouse as well as in human. 
        ESCs can differentiate into the three germ lays through the use of specific culture conditions, 
such as embryoid body (EB) formation (Doetschman et al., 1985), co-culture on Stroma cells 
(Nakano et al., 1994) and culture on matrices (Nishikawa et al., 1998). Currently, the most 
popular protocol to efficiently induce differentiation of ESCs is to make EBs, in which a variety 
of cell types differentiate spontaneously (e.g. Nishikawa et al., 2007).  Forming EBs with ESCs 
is to mimic the gastrulation process in developing embryos (Nishikawa et al., 2007). Among a 
handful of developmentally important signaling pathways, the Wnt pathway mediates the local 
execution of a gastrulation-like process in the EB (ten Berge et al., 2008). However, 
differentiation of different cell types in EBs is a random event. To enrich a cell type of interest, 
ESCs are often genetically modified to express a reporter gene such as the enhanced green 
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fluorescent protein (EGFP) under the regulatory sequence of a gene that is specifically expressed 
in the cell type of interest. Thus the desired cell type can be purified. Therefore, forming EBs 
with genetically modified ESCs is a convenient approach to induce cell differentiation, which 
provides a surrogate assay system for developmental biological analysis (e.g. Nishikawa et al., 
2007). 
        During the past several years, RNA interference (RNAi) has emerged as a powerful gene-
knockdown technology in many model eukaryotic systems. Short hairpin RNAs (shRNAs), one 
of the RNAi technologies, is becoming increasingly important in functional genetic studies in 
cell and developmental biological studies (Schaniel et al., 2006). shRNAs are processed by Dicer 
to form a small interfering RNA (siRNA), which is then incorporated into the RNA-induced 
silencing protein complex (RISC). The RISC functions to unwind the siRNA duplexes to allow 
specific binding to the complementary mRNA target, followed by siRNA-mRNA duplex 
cleavage (Rutz and Scheffold, 2004; Cullen, 2005). At the end, RISC is released from the target 
mRNA and the cleaved mRNA is further degraded by cellular exonucleases (Holen et al., 2002). 
Therefore, the specific degradation of the target mRNA results in decreased synthesis of the 
respective protein and eventually leads to loss of the protein function (Rutz and Scheffold, 2004). 
Collectively, in combination with shRNA technology, ESCs are considered as a powerful tool to 
study gene functions during cell differentiation events, including germ cell differentiation.  
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CHAPTER 2 
Rhox6 is required for testis development and spermatogenesis in mouse 
 
Abstract 
        Homeodomain proteins are responsible for a variety of developmental events such as 
determination of body segment identity, limb development and organogenesis. Recently, a novel 
cluster of homeobox genes has been identified on the X chromosome of the mouse. Because of 
their selective expression in reproductive organs, they are named Reproductive homeobox genes 
on the X chromosome (Rhox). 
        Rhox6, a member of the Rhox family, is expressed in primordial germ cells (PGCs) in the 
developing gonads and the placenta, although the biological function of Rhox6 in the 
determination of PGCs and placental cells remains unknown. To investigate the Rhox6 function, 
we generated male chimeras by injection of an embryonic stem cell line (ESCs) harboring a 
hypomorphic mutation in Rhox6 into wild-type blastocysts. Almost all of the male chimeras 
exhibited reduced fertility associated with smaller testes, reduced sperm number, sperm motility 
and abnormal morphology of the epididymal sperm. Therefore, the results indicate that 
downregulated expression of Rhox6 impaires testis development and spermatogenesis in mice. 
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Introduction 
        Spermatogenesis is a complex process that involves renewal of germ-line stem cells and 
differentiation of the sperm, which further includes a cascade of events such as recombination of 
the genome and condensation of chromosomes. Therefore, problems occurring at any stage of 
spermatogenesis may contribute to infertility. However, currently there are only a few in vitro 
systems available, which can recapitulate spermatogenesis and serve as a model to study 
infertility. By contrast, targeted mutagenesis in the mouse has been providing useful models to 
study gene functions in spermatogenesis, which has brought new insights into causality of male 
infertility (Cooke and Saunders, 2002). 
        A member of the Rhox family, Rhox6, is expressed in primordial germ cells in the 
developing gonads and the placenta (Han et al., 1998; Takasaki, 2000; Daggag, 2008). 
Predominant expression of Rhox6 in the mid-gestation placenta was independently validated by 
the earlier study conducted in our laboratory (Tanaka et al., 2000) . One of our research interests 
is to understand the genetic mechanism of the first cell differentiation event that segregates the 
extraembryonic cell lineage from pluripotent cells in preimplantation embryos. Further, despite 
its unique expression pattern, significance of Rhox6 expression in development of the 
extraembryonic cell lineage remains unknown. Therefore, to investigate the biological function 
of Rhox6 in differentiation of the extraembryonic cells, we generated chimeras by injecting a 
genetically-modified embryonic stem cell line, which harbors a hypomorphic mutation in Rhox6, 
into wild-type blastocysts. Our results suggest that Rhox6 may play a crucial role in 
differentiation of the testis and spermatogenesis. 
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Materials and Methods 
Generation of chimeras  
        The embryonic stem cell line that harbors the hypomorphic mutation in Rhox6 was 
generated by randomly insertional mutagenesis, namely gene trap. Single pass-sequencing using 
the Neomycin resistant gene as a reference was carried out by the Center for Modeling Human 
Disease in Toronto, Ontario, Canada which identified that the 80.1H12 ES cell line harbors 
insertion of the gene trap cassette between Exons 2 and 3 of the Rhox6 gene (Fig. A1). The gene 
trap cassette contains the promoter-less β-galactosidase gene. Chimeras were generated by 
injecting the 80.1H12 ES cell line into the blastocoels of wild-type (C57BL/6) blastocysts as 
described (Joyner, 1999). Because 80.1H12 has the male karyotype, male chimeras were kept for 
mating to transmit the mutant Rhox6 allele into next generations.  
For mating, each chimera was caged with a wild-type C57Bl/6 female for three days. The 
presence of the vaginal plug was checked every day. Male chimeras were then rested for a week 
before starting a next mating. The mating was conducted for 2~3 months. 
 
Analysis of sperm motility, sperm count, and abnormality 
Sperm was collected from the cauda epididymis of both chimeric and wild-type mice and 
analyzed essentially as described previously (Larson and Miller, 1999). Briefly, the cauda 
epididymis from each side of the mouse was poked and squeezed using a 30-G needle to expel 
the sperm in the Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) with 15% fetal 
bovine serum (FBS; Invitrogen), glutamax I  (Invitrogen), and penicillin-streptomycin (Sigma), 
and incubated for 10 min at 37oC to allow the sperm to regain their activity.  The sperm 
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suspension was placed on a glass-slide to check motility of the sperm under a standard 
microscope. The number of the sperm was counted with a hemocytometer. 
        The sperm collected from the cauda epididymis were fixed with 2% paraformaldehyde 
solution for overnight. The fixed sperm was then centrifuged and washed twice with 100mM 
ammonium acetate (pH 9.0), followed by resuspension into into 1ml of 100mM ammonium 
acetate. The sperm suspension was smeared on glass slides, air-dried, and stained with 
Coomassie brilliant blue G-250 for 2 min followed by washing with distilled water. After air-
drying these slides were mounted with Permount mounting medium for microscopic examination.  
 
Results 
The male chimeras generated with the 80.1H12 ESC line were sterile 
        Chimeras were generated by injecting a mutant embryonic stem cell line of the 129 
background, which is named 80.1H12 and harbors a hypomorphic mutation in Rhox6, into wild-
type C57Bl/6 blastocysts. Because Rhox6 is highly expressed in the placenta, the Rhox6 mutant 
embryos were expected not to implant when the hypomorphic mutation was transmitted into the 
next generation from the chimera.  
        Interestingly, however, all of the male chimeras showed seriously reduced fertility or 
infertility. When ESCs are infected with mycoplasmas or possess abnormal karyotypes, these 
ESCs do not differentiate into germ cells. However, we ruled out these possibilities because the 
80.1H12 ESCs have a normal karyotype and no cytoplasmic DNA stain which is indicative of 
mycoplasma contamination. Therefore, the infertility observed in these male chimeras is due to 
contribution of the 80.1H12 ESCs. 
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        There are two independent attempts to generate chimeras. In the first attempt we obtained 
two male chimeras with different degrees of chimerism, which are named as 20% chimera and 
60% chimera based on their Agouti coat color attributed from the 80.1H12 cell line.  For instance, 
20% chimera means that Agouti accounts for 20% of the coat of this chimera, although it only 
indicates that the skin cells derived from the 80.1H12 ESCs accounts for 20% of total skin cells 
in this chimera.   
        The 20% chimera made one female pregnant out of 3 mating attempts. That female 
delivered 5 pups. However, according to the coat color, all pups were wild-type, indicating that 
the Rhox6 mutation could not be transmitted to the next generation. On the other hand, no female 
became pregnant by mating with the 60% chimera out of 6 attempts, which indicates that 60% 
chimera was infertile.  In the second attempt to generate chimeras with the 80.1H12 ES cell line, 
we obtained two chimeras named as 90%A and 90%B.  For the 90%A chimera, no female 
became pregnant out of 8 mating attempts. The 90%B chimera made two females pregnant out of 
7 mating attempt, delivered 2 and 4 pups with black coat color respectively. 
 
The male chimeras showed tendency to produce fewer sperm with reduced motility, which 
was correlated with their testis size. 
         We collected epididymal sperm from the chimeric and wild-type mice and analyzed their 
motility and the number. We found that nearly all the chimeras showed decreased number of 
sperm and reduced motility compared to the wild-type (Table 2.2).  
The sperm from the 20% chimera exhibited normal motility, whereas the number of its sperm 
was reduced to 72% of that from wild-type mice (Table 2.2). However, for the 60% chimera, the 
number of the sperm collected from the epididymis extending from the testis of normal 
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appearance was only 13.3% of that from wild-type mice and 50% of the sperm were motile.  
Furthermore, 10% of the epididymal sperm obtained from the smaller testis of the 60% chimera 
were motile, and the number of its epididymal sperm was only 2.4% of that from wild-type mice 
(Table 2.2.). Therefore, this result indicates that the percentage of contribution of the Rhox6-
mutant ESCs in the coat color may correlate with that in the testis and that the higher the 
contribution of the Rhox6-mutant ESCs is, the more sever the reduction in the number and 
motility of the sperm in the chimeras is. Likewise, in the second attempt to generate chimeras, 
the degree of defects observed in the number and motility of the epidydimal sperm from 
chimeras were consistent with the reduction in their testis size. At most 10% of the epididymal 
sperm from the 90%A chimera, which had two smaller testes, were motile, and the number of its 
epidydimal sperm was less than 1% of that of wild-type mice. On the other hand, at least 50% of 
the epididymal sperm from the 90%B chimera, which had two testes of normal appearance, were 
motile and the number of its epididymal sperm was 88% of that from the wild-type mice (Table 
2.2).  
 
The male chimeras showed tendency to produce abnormal sperm which was correlated 
with their testis size.   
        To evaluate abnormality of the sperm collected from the cauda epididymis of chimeras, 
morphology of their heads and tails was examined by staining with Coomassie brilliant blue G-
250  (Larson and Miller, 1999). Because normal sperm exhibit a series of defects in general 
(Dadoune et al., 1994), I categorized these defects into four types arbitrarily:  Type I, sperm with 
cytoplasm droplets; Type II, sperm without the acrosome; Type III, sperm with folded tails, 
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which include the angled tails and hairpin forms; and Type IV, sperm with abnormal or missing 
heads (Fig 2.2).  
        Almost all of the Type I sperm are ones with the droplet between the middle piece and the 
sperm tail, which is a minor defect and do not have a serious impact on fertility (Kawai et al., 
2006).  Normally, these droplets are removed when sperm mature (Kawai et al., 2006). The 20% 
chimera had a higher percentage of the type I sperm (~20% of the total sperm from the 20% 
chimera) relative to the other chimeras. One the other hand, about 30% of the wild-type sperm 
were classified as the type I sperm (Fig. 2.3). Therefore, it is highly unlikely that the presence of 
the Rhox6-mutant ESCs in the chimeras caused this abnormality. At the expense of this type of 
sperm abnormality, the chimeras exhibited much more sever sperm abnormality as described 
below.  
        The type II sperm existed at a similar frequency among the chimeric and wild-type mice 
examined. Thus, the presence of the Rhox6-mutant ESCs in the chimeras is less likely to 
contribute to the missing acrosomes.  
        In general, the type III sperm results in decreased fertility (Kawai et al., 2006). In particular, 
spem1-deficient mice exhibit this type of sperm abnormality due to the aberrant cytoplasm 
removal during sperm maturation (Zheng et al., 2007). The 60% chimera had a highest 
percentage of the type III sperm among the chimeras. About 20% to 40% of the epididymal 
sperm from the 20%, 90%A and 90%B chimeras were the type III sperm whereas about 10% of 
the wild-type sperm had the type III sperm.  
      Generally, a defect in spermatogenesis results in generating the type IV sperm , and mice 
with a higher percentage of the type IV sperm are sterile (Meistrich et al., 1994; Mendoza-
Lujambio et al., 2002). I found that the 90%A chimera that had two significantly smaller testes 
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had the highest percentage of the type IV sperm in its epididymis. Likewise, about 22% of the 
epididymal sperm collected from the smaller testis of the 60% chimera was the type IV sperm. 
Consistently, the larger the size of the testis is, the less the frequency of the type IV sperm in the 
epididymal sperm is.  
  The 20% and 90%B chimeras had a similar frequency of the sperm with normal appearance 
in the epididymis (~20%), whereas more than 30% of the epididymal sperm from the wild-type 
mice were normal appearance. The smaller the testis size of the chimeras is, the less the 
frequency of the sperm with normal appearance is. .  
         Despite the fact that the 60% chimera had one testis of normal appearance and the other 
smaller one, its epidydimal sperm consistently had a higher frequency of the type III sperm, 
which was even the highest observed among the chimeric and wild-type mice examined. By 
contrast, the epididymal sperm from the 90%A chimera that had much smaller testes had the 
higher percentage of the type IV sperm, which was the highest observed among the chimeric and 
wild-type mice. Defects in spermatogenesis result in generating more type III and type IV sperm  
(Yeung et al., 1999). Collectively, these results indicate that the presence of Rhox6-mutant ESCs 
in the chimeric testis interferes with normal spermatogenesis.  
 
Discussion 
        Consistently, the phenotype of the chimeras was highly correlated with the reduced number 
and motility of sperm and defects indicative of abnormal progression of spermatogenesis. I 
observed one smaller testis in the 60% chimera and two smaller testes in the 90%A chimera.  
Interestingly, I found that the testis on the left side of the 90%A /chimera was extremely small 
(Fig. 2.1-D). In the 60% chimera, the epididymal sperm collected from the normal testis had the 
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largely reduced number of sperm (13.3% of that of the wild-type mice) and showed lower 
motility. The number of the epididymal sperm obtained from the other smaller testis was smaller 
(2.4% of the wild-type; Table 2.2.). This percentage was far smaller than I expected because, if 
the contribution of mutant ESCs observed in the coat color indicates that in the chimeric testis, 
40% of cells in the testis should be wild-type cells. Likewise, the number of the epididymal 
sperm collected from the 90%A chimera is less than 1% of that of the wild-type mice. Therefore, 
these data indicate that differentiation of the wild-type germ cells in the chimeric testes might 
also have been impaired by the presence of the Rhox6-mutant ESCs.  
        One of the reasons for the abnormal phenotype in the chimeric testes can be deformation of 
seminiferous tubules. It remains to be examined if Rhox6 or its downstream target(s) affects 
differentiation of somatic cells in the testis such as peritubular cells (Clark et al., 2000).  
        The percentage of hairpin sperm and sperm with severely folded tail (20%) in the 
epididymal sperm collected from the right cauda epididymis (Fig 1-C) from the 90%A chimera 
was less than the percentage of similar abnormalities (31%) in the sperm from the left (Fig 1-D). 
By contrast the percentage of the normal sperm (13.24%) in the epididymal sperm collected from 
the right side of the 90%A chimera is higher than that from the left side (7.59%).  Because the 
testis in the left side of the 90%A chimera had a much smaller testis, the increased proportion of 
the abnormal sperm shows good agreement with the size of the testis observed. However, it 
remains to be investigated if spermatogenesis in the chimeras was affected by the putative 
defects in development of seminiferous tubules due to the presence of the Rhox6-mutant ESCs 
affects.  
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        Besides, further investigation of chimerism in testes would help understand how testis 
development and spermatogenesis are affected by the presence of cells that have reduced Rhox6 
expression. 
 
 
Figures and Tables 
Table 2.1 Summary of mating history of chimeras. 
Chimera 
Times of 
mating 
Plug 
Times of 
Pregnancy 
Number of 
pups 
Coat color 
of pups 
20% chimera 3 - 1 5 Black 
60% chimera 6 - - - - 
90%A chimera 8 - - - - 
90%B chimera 7 - 2 
2 Black 
4 Black 
“-”: None 
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Table 2.2:  Summary of abnormality in the chimeras  
Chimera Testis size  Sperm motility Sperm count 
 (x 107/ml) 
Series I    
20% chimera N1 80% 2.0 
 (5 month old) N2 80~90% 1.9 
60% chimera S 10% 0.065 
 (5 month old) N 50% 0.36 
F1 (W.T.) N1 80~90% 2.6 
 (5 month old)                
Series II 
  N2   80~90%     2.8 
90%A S1 10% 0.023 
 (8 month old) S2 <5% 0.004 
90%B N1 45% 2.375 
 (8 month old) N2 70% 2.35 
C57BL6 (W.T.)             
(8 month old) 
N1  
N2 
80~90% 
90% 
3.375 
3.4 
S: smaller ;  N: normal ;   F1 (W.T.) and C57BL6 (W.T.)  serve as control. 
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Fig.2.1 (A,B) A representative male chimera with its gross anatomy including testes (arrow) is 
shown. Based on the Agouti coat color, this chimera is termed as “90%A chimera”.  (C) The 
right testis of “90%A chimera” mouse. (D) The left testis of “90%A chimera” mouse.  
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Fig. 2.2: representative abnormalities of sperms. I: normal sperm; II: sperm without acrosome; 
III: sperm with folded tail (hairpin); IV: sperm without head. Scale Bar: 50μm. 
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Fig 2.3. Abnormality of the sperm from the wild-type, the 20% chimera, the 60% chimera, the 
90%A chimera and the 90%B chimera. Type I, sperms with cytoplasm droplets either between 
sperm head and middle piece or between the middle piece and sperm tail; Type II, sperms 
without acrosome; Type III, sperms with folded tails, which included the angled tail and hairpin 
forms; Type IV, sperms with abnormal head or missing head; Normal, normal sperms. The 
figure is organized in order of testis size.  L: larger testis; S: smaller testis. 
 
 
 
 
 
  30
CHAPTER 3 
Rhox6 is required for differentiation of germ cells from embryonic stem cells 
Abstract 
        In the previous chapter, it is shown that Rhox6 is required for normal testis development and 
spermatogenesis. To obtain a better understanding of the Rhox6 function in germ cell 
differentiation, I took advantage of in vitro ES cell culture. ES cells can differentiate into PGCs 
when ES cells are cultured as aggregates called embryoid bodies (EBs) with the culture medium 
that promotes differentiation of ESCs. Because PGCs express the transcription factor Oct3/4, a 
central regulator of cellular pluripotency, buse of a mouse ESC line that expresses the enhanced 
green fluorescent protein (EGFP) under the promoter of Oct4 allows us to monitor the presence 
of PGCs within EBs in real time. While this ESC line was induced to differentiate into PGCs, 
expression of Rhox6 was downregulated by stable expression of the short-hairpin RNA (shRNA) 
against the Rhox6 transcripts. The level of Rhox6 knockdown was validated by RT-PCR. As a 
negative control, a scrambled nucleotide sequence that does not show any match with the mouse 
genome was used to express shRNA molecules.  
        Multiple independent ES cell clones that express either one of the shRNAs were isolated by 
electroporation of the Oct3/4::EGFP-ESC line with each expression vector for the shRNA, 
followed by drug selection. These ES cell clones were used to generate EBs. We found that 2% 
of the EBs having the shRNA against the Rhox6 transcripts expressed (n=42; the number of 
clones used to generate EBs is 27) had EGFP-positive cells, whereas 41% of the EBs having the 
control shRNA expressed (n=48; the number of clones used to generate EBs is 31) had EGFP-
positive cells. To validate differentiation of PGCs, these EBs were pooled according to EGFP 
expression and used to examine expression of PGC markers by semi-quantitative RT-PCR. 
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Because expression of Rex1, a marker for undifferentiated ESCs, was significantly 
downregulated in these EBs than in undifferentiated ESCs, EGFP expression detected in the EBs 
indicates the presence of PGCs, but not the presence of undifferentiated ESCs. Rhox6 as well as 
other PGC markers including Oct3/4, Rnh2, Piwil2, and Fgls were downregulated in the EBs 
expressing the shRNA against the Rhox6 transcripts, whereas the EBs expressing the control 
shRNA with EGFP-positive cells expressed Rhox6 and these PGC markers. Collectively, these in 
vitro studies suggest that downregulation of Rhox6 impairs differentiation of PGCs. 
 
Introduction 
        Embryonic stem (ES) cells are derived from the inner cell mass of blastocyst-stage embryos 
(Evans and Kaufman, 1981; Martin, 1981). ES cells possess two unique characteristics that 
distinguish them from other organ-specific stem cells identified to date (Smith, 2001; Keller, 
2005). First, ESCs are capable of self-renewing while maintaining their undifferentiated state and 
retaining the normal karyotype. Second, ESCs are pluripotent as they can generate almost all of 
the cell types in the body (Keller, 2005). Pluripotency of mouse ESCs has been demonstrated by 
injecting them into a host blastocyst, which resulting in their contribution to all cell types in the 
adult chimera, including germ cells  (Bradley et al., 1984). In addition, ESCs also display a 
remarkable capability to produce a wide range of well-defined cell types in culture (Smith, 2001). 
Due to their properties of self-renewal and differentiation, along with the technique to modify 
their genome (Roshon et al., 2003; Schaniel et al., 2006), ESCs provide an excellent in vitro 
model for early mammalian development.  
        The POU domain transcription factor Oct3/4 is a key regulator of pluripotency, and is 
expressed in the preimplantation embryo, undifferentiated ESCs and germline cells, but not in 
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other differentiated somatic cells (Scholer et al., 1990; Yeom et al., 1996; Pesce and Scholer, 
2001).  Due to its unique expression pattern, both examining expression of Oct3/4 and using its 
promoter have been a useful tool to monitor the presence of pluripotent cells as well as 
differentiation of germ cells in vitro. For example, a genetically modified ES cell line that 
expresses the enhanced green fluorescent protein (EGFP) under the promoter of Oct3/4 (Walker 
et al., 2007), serves as a tool to study differentiation of ESCs as well as germ cells.  
        It has been demonstrated in previous chapter that ESCs are considered a powerful tool as to 
study gene function during germ cell differentiation events when combined with shRNA 
technology. Furthermore, to enrich the differentiation of germ cells from ES cells, ES cells were 
cultured as aggregates called embryoid bodies (EBs) in the culture medium that induces 
differentiation of ESCs (West et al., 2006). Since germ cells differentiated in EBs will express 
EGFP under the promoter of Oct3/4, we were able to monitor germ cell differentiation in real-
time.  
 
Materials and Methods 
Cell culture 
        The OGR1 embryonic stem cell line is provided by Dr.William L. Stanford at the 
University of Toronto, ON, Canada. The cell line is routinely maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen), supplemented with 15% fetal bovine serum (FBS; 
Invitrogen), non-essential amino acids (NEAA; Invitrogen), glutamax I  (Invitrogen), sodium 
pyruvate (Invitrogen), penicillin-streptomycin (Sigma), 2-Mercaptoethanol (2-ME, Sigma), and 
1x107 units LIF (Chemicon). The cells are changing culture medium everyday and are expanding 
every other day when they are reaching 80% confluence and are then replating at a seeding 
density of 1:6.  
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        For Embryoid body (EB) differentiation, ESCs were digested with Trypsin, and then 
hanging drops are made in the absence of the Leukemia inhibitory factor (LIF) to produce EBs. 
To enrich germ cell differentiation within EBs, EBs were pooled after 3 days of hanging drops 
and cultured on an orbital shaker to prevent cells from adhesion. The EB culture medium was 
supplemented with Ascorbic acid, 1-Thioglycerol, and Transferrin to enrich the differentiation of 
germ cells within EBs (West et al., 2006). EBs were collected 10 days after cultured on the 
shaker and their fluorescence was observed under an inverted microscope equipped with an epi-
fluorescence lamp (Leica). 
 
Electroporation 
        The ESCs were digested with Trypsin, then collect the suspension into a tube and bring up a 
total volume to exactly 10ml. 2~5 x 107 cells were taken out and centrifuged at 1000rcf for 5min. 
Re-suspend the pellet in approximately 0.75ml PBS/2 x 107 cells per sample into electroporation 
cuvette, then add 50ul shRNA vector to bring up a total volume of total 0.8ml. Followed by 
10min of incubation on ice. The samples were then electroporated by 12 electrical pulses at a 
voltage of 325V. After electroporation, the cells were incubated on ice for 10 minutes, and then 
transfer into gelatin prepared plate with ES medium. Drug selection starts on the following day.  
After seven days of drug selection, individual puromycin-resistant subclones were collected and 
cultured in 96-well format. Each clones was used to generate three EBs as described (West et al., 
2006). 
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Construction of shRNA-expression vector 
        phH1CCP was double digested with KpnI and HindIII  (New England Biolabs) enzymes. 
The digested vector was collected by agarose gel electrophoresis and purified with Agarose Gel 
DNA Extraction Kit. The purified vector was then proceeded with DNA ligation. 
Oligonucleotides for shRNA were designed within the full-length transcript of Rhox6 or Rhox9. 
Oligonucleotides encoding the sequence of senses and antisense strand of target sites were 
annealed in the presence of 50nM Na+ at 54-72oC depending on the GC-content of the sequence. 
T4 ligase (Invotrogen) was used to ligate KpnI/HindIII-digested phH1CCP vector and 
oligonucleotides were annealed with KpnI/HindIII sites at the ends. Scrambled oligonucleotides 
were designed from the target sequence and used as control.  
 
Transformation and screening of the constructed shRNA vectors 
        Competent DH5α cells were thawed on ice and mixed with the products of ligation reaction. 
The cells were incubated for 42 seconds at 42oC, followed by chilling on ice quickly and sent for 
shaking at 37oC for 1 hour with SOC medium. The product were then placed unto LB plate with 
Ampicillin (50ug/ml) and incubated at 37oC overnight.  To identify if the clones that have 
shRNA target sequence correctly ligated into the vector, each Ampicillin-resistant clone was 
picked up and screened by PCR with Phusion DNA polymerase (Finnzymes). The 
oligonucleotide used to clone human H1 promoter    (RVXhohH1-F) and the ones designed for 
antisense sequence of each shRNA target were used as primers. The PCR was carried out in the 
following conditions: initial denaturation at 98oC for 1.5min, 5 cycles of 98oC for 1min, 60oC for 
1min and 72oC for 1min, 30 cycles of 98oC for 10sec, 60oC for 30sec and 72oC for 30sec, and 
final extension at 72oC for 7.5min. PCR were carried out on a thermal cycler (MJ research). PCR 
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products were analyzed on 1.2% agarose gel in a 96-well format. Clones that show distinct single 
bands at around 200bp were picked up for purification of the plasmids by the alkaline lysis 
method. Each shRNA sequence was further validated by PCR with the purified plasmid and with 
the same set of primers as described above and sequencing.  Then the shRNAs were 
electroporated into undifferentiated OGR1 cells for further study.  
 
Results 
The induction of germ cell differentiation in embryoid bodies (EBs). 
         After 10 days culture of EBs on orbital shaker by applying published method (West et al., 
2006), we obtained putative germ cell population within EBs derived from OGR1 cell line. Some 
of the EBs is observed by strong green fluorescence while some of them by low green 
fluorescence. The representative examples of EBs are shown in Fig.3.1. Because both germ cells 
differentiated from OGR1 and undifferentiated OGR1 ESCs in EBs are expressing EGFP, we 
further validated the differentiation of PGCs in EBs. We extracted RNA from both 
undifferentiated OGR1 ESCs and EBs and applied semiqRT-PCR with specific marker genes 
that are expressed in somatic cells in gonad and germ cells (Wang, 2001; Geijsen et al., 2004). 
Although ESCs express many germ cell-specific genes, true germ cell-specific markers that are 
not expressed in ESCs are yet to be identified. However, notably, the Rex-1 (Zfp-42) gene, a 
marker of undifferentiated cells that encodes an acidic zinc finger protein (Hosler et al., 1989; 
Hosler et al., 1993; Ben-Shushan et al., 1998), is downregulated in EBs compared to its 
expression in undifferentiated ESCs. In contrast, the Sry, a marker for somatic program (Brennan 
and Capel, 2004), the expression of which is upregulated in EBs (Fig. 3.2).  The upregulation of 
Sry and the downregulation of Rex-1 indicate the differentiated status of cells in EBs and the 
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remaining undifferentiated ESCs have been minimized at most. Furthermore, along with the 
expression of other germ cell marker in EBs including Esg1 (Western et al., 2005; Tanaka et al., 
2006), Fgls, Nanog (Hatano et al., 2005; Chambers et al., 2007), Oct3/4 (Kehler et al., 2004; 
Okamura et al., 2008), Piwil2 (Lee et al., 2006a; Lee et al., 2006b), Rnf17, Dazl (Collier et al., 
2005; Nicholas et al., 2009), Rnh2, Rhox6 and Rhox9 (Wang et al., 2001; Geijsen et al., 2004), 
the evidences altogether validated the germ cell differentiation in EBs. 
 
Downregulated expression of Rhox6 affected stem cell colony formation 
        Individual subclones consistently expressing downregulated Rhox6 were isolated after 
seven days drug selection and were cultured in the 96-well format. Interestingly, we found that 
the morphology of the colonies differs between the treatment and the controls (Fig. 3.3B). It is 
shown that nearly 50% of the subclones in shRhox6- and shRhox6/9-OGR1 contained large 
population of round shaped colonies, whereas only 25% of the subclones in the control group 
and 9.68% of the subclones in the shRhox9-OGR1 showed similar pattern (Fig. 3.3B). On the 
other hand, we have found that there were nearly 24% of subclones in the control group and 35% 
of subclones in shRhox9-OGR1 contained large population of irregular shaped colonies, while in 
shRhox6- and shRhox6/9-OGR1 there were only 10% subclones showed the similar pattern. 
Besides, all the four groups showed high frequency of subclones that contained both large 
numbers of round shaped and irregular shaped colonies.  The regular shaped stem cell colonies 
showed uniformly strong EGFP fluorescence, which indicates the undifferentiated state of ESCs.  
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Downregulation of Rhox6 expression prevents the germ cell differentiation in EBs. 
        To investigate the effect of down-regulation of Rhox6 expression in the germ cell 
differentiation from ESCs, our lab built a series of short-hairpin RNA (shRNA) -expression 
vectors (Siomi and Siomi, 2009). We have built a shRNA-expression vector, phH1CCP (Fig. 
A2). The vector contains H1 promoter to express the shRNA (Brummelkamp et al., 2002; 
Kunath et al., 2003), yet it independently expresses puromycin resistant gene  (Puror) that is 
fused with the cyan fluorescent protein (CFP). With the phH1CCP, our lab designed several 
different shRNA-expression constructs. 1) shRNA against Rhox6, named shRhox6-OGR1; 2) 
shRNA against Rhox9, named shRhox9-OGR1; 3) shRNA against Rhox6 and Rhox9, named 
shRhox6/9-OGR1 hereafter; 4) shRNA against scrambled oligonucleotide sequence as the 
control, named control –OGR1 hereafter.   
        To test if the down-regulation of Rhox6 reduces the number of germ cell differentiated in 
EBs, those shRNA-expression vectors were electroporated into undifferentiated OGR1 ESCs.  
Drug selection began in the following day. After seven days puromycin selection, we isolated 
individual puromycin resistant subclones and cultured them in the 96-well format. EBs were 
generated from each individual clones (West et al., 2006) and the numbers of fluorescent EBs 
were then compared among shRhox6, shRhox6/9 and control group.     
        In sum, 48, 42, 60 measurable EBs in total were generated separately from 31, 27, 34 
individual subclones collected from Control, shRhox6 and shRhox6/9-OGR1, respectively (Fig. 
3.4). By observing the green fluorescence under the microscope, we found that there were forty 
one percent EBs derived from control-OGR1 exhibited uniformly strong EGFP expression. 
However, only about two percent of EBs derived from shRhox6-OGR1 showed strong EGFP 
expression. In addition, around eight percent of EBs derived from shRhox6/9 displayed 
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uniformly strong EGFP expression. There were nearly sixty percent EBs derived from shRhox9-
OGR1 showed high green fluorescence and there is no significant difference between shRhox9-
OGR1 and the control group (Fig. 3.4).   Irregular shaped EBs, partial fluorescent EBs and 
uniformly expressing EGFP EBs with medium level fluorescence were discarded in data 
collection.   
        To correlate the EGFP expression with germ cell marker expression in EBs, we pooled EBs 
of high fluorescent and low fluorescent from control-, shRhox6-, shRhox6/9-OGR1 and extract 
RNA from them. Then we applied seminq-PCR to investigate the expression of gene markers in 
EBs (Fig. 3.5).  We found that the expression of Oct3/4 was downregulated and the expressions 
of other germ cell markers except Dazl were suppressed in the EBs with low EGFP expression, 
whereas, all the markers investigated were properly expressed in the EBs with high EGFP 
expression derived from control-OGR1 cells. The result validates that the EGFP expression 
reflects not only Oct3/4 expression but also germ cell differentiation in EBs. Collectively, the 
data describe above shows that the downregulation of Rhox6 reduced the number of germ cells 
differentiated in EBs.  
 
Discussion 
Differentiation of extraembryonic cells may take place in EBs 
        EB-based differentiation is a powerful system to study in vivo embryonic development as 
well as the effects of cell-cell interactions and spatial organization on cell-type commitment 
(Bauwens et al., 2008). EBs recapitulates many aspects of embryonic development (Keller, 1995) 
for the in vitro lineage potential in generating each of three germ layers (Itskovitz-Eldor et al., 
2000).  EBs also recapitulates the formation of the proamniotic cavity and this allowed the study 
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of the mechanism that underlies egg-cylinder formation (Coucouvanis and Martin, 1995). 
Moreover, recent studies demonstrate that the precursors of germ cells are also induced in EBs 
(Hubner et al., 2003; Toyooka et al., 2003; Geijsen et al., 2004).  
        As we investigated the expression pattern of germ cell markers between undifferentiated 
ESCs and EBs, interestingly, we found that the expression pattern of them were not identical.  
The expression of Esg1, Fgls, Nanog, Oct3/4, Piwil2 and Rhf12 were either maintained or 
slightly downregulated in EBs compared to their expression in undifferentiated cells. In contrast, 
the expression of Dazl, Rnh2, Rhox6 and Rhox9 were upregulated in EBs, which indicates that 
there might be other cell types differentiated other than gonadal somatic cells and germline cells 
(Fig. 3.2). Notably, the Rex-1 gene, the marker of undifferentiated ESCs, has been suggested 
play a role involved in trophoblast development and spermatogenesis for detectable amount of 
transcript was found in trophoblast and in meiosis germ cells (Rogers et al., 1991). Besides, 
presumably, the 10 days EBs collected in this study are suggested representing the stage of 
migratory and post-migratory PGCs due to the imprint erasure analysis (West et al., 2006), 
although the exact state of germ cells might appear variable because of the undefined factors 
such as cell diversification, increase in cell density and cellular interaction (Sawada et al., 2006; 
Nishikawa et al., 2007).  Thus, the detectable expression of Rex1 in EBs (Fig. 3.2) might not 
only indicate the differentiation of ESCs but also the emergence of trophoblast development 
within the EBs.  The assumption is further validated by the upregulated expression of Rhox6 in 
EBs, as Rhox6 is highly expressed and is restricted in extraembryonic tissues such as the placenta 
and amnion (Chun et al., 1999; Han, 1998; Tanaka, 2000; MacLean, 2005). Collectively, these 
data indicate that in addition to the germline lineage, the development of extraembryonic cells 
might also take place in EBs.  
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The expression of Rhox6 does not guarantee the differentiation of germ cells 
        As 41% of EBs derived from control-OGR1 exhibits uniformly strong EGFP expression, 
however, there is correspondingly 59% of EBs observed no/low EGFP expression (Fig. 3.4).  
The 59% of EBs with no EGFP that derived from control-OGR1 exhibit normal expression of 
Rhox6, whereas dramatically repressed expression of other germ cell markers. The result 
indicates that the expression of Rhox6 itself does not guarantee the maintaining of Oct3/4 
expression or germ cell differentiation. Furthermore, because Rhox6 is also highly expressed in 
extraembryonic cells and cell fates within EBs are hard to control, for example, all cellular 
interactions — both with the underlying matrix and with other cells — will introduce a range of 
different physical forces such as tension and shearing forces, which could have profound effects 
on the differentiation and survival of cells (Sawada et al., 2006), other cell types such as 
extraembryonic cells might also exist in the EBs, too.  
 
Rhox6 and Rhox9 might involved in different pathways 
        Interestingly, the expression of Dazl was found in the EBs derived from shRhox6/9-OGR1, 
whereas its expression was suppressed either in the EBs derived from control-OGR1 with no 
EGFP expression or in the EBs derived from shRhox6-OGR1 (Fig.3.5). The results indicate that 
the expression of Dazl is independent of Rhox6 expression but somehow associated with Rhox9 
expression and Oct3/4 expression. Dazl proteins are germ-cell-specific RNA-binding proteins 
essential for gametogenesis and they appear to function in the cytoplasm (Collier et al., 2005). 
Although Rhox6 and Rhox9 are highly homologous genes, the results indicate that they might be 
involved in different pathways and thus function differently. It may also help to explain why 
Rhox9-deficient mice function normally whereas Rhox6 mutants exhibit serious reproductive 
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defects (Daggag et al., 2008). However, the underlying mechanism by which the genes are 
interacting with each other remained to be determined.   
 
The morphology of the colony might have affected germ cell differentiation 
        Notably, the morphology of the colony differs between the shRhox6-, shRhox6/9-OGR1 
and the control groups. Nearly 50% of subclones in shRhox6- and shRhox6/9-OGR1 contained 
large population of round shaped colonies, whereas much less percentage of the subclones in the 
control group and in the shRhox9-OGR1 showed similar pattern. On the contrast, the percentage 
of subclones containing irregular shaped colonies in the control group was higher than that of 
shRhox6- and shRhox6/9-OGR1 (Fig. 3.3B). Because Rhox9-deficient mice exhibit normal 
reproduction (Daggag et al., 2008), the shRhox6-OGR1 can be used as an internal control. It has 
been reported that Rhox6/9 is heterogeneously expressed in undifferentiated embryonic stem 
cells culture (Carter et al., 2008), which may explain the increased percentage of “+” subclones 
and decreased percentage of “-”subclones in shRhox6- and shRhox6/9-OGR1 (Fig. 3.3B). The 
result indicates that the downregulated expression of Rhox6 affects the morphology of the stem 
cell colony. In addition, it has been shown that the control of human embryonic stem cell colony 
and aggregate size heterogeneity influence differentiation trajectories (Bauwens et al., 2008), it is 
possible that the morphology of the stem cell colony also exert an effect on differentiation status, 
which impairs germ cell differentiation synergistically. However, the mechanism of Rhox6 
function in stem cell colony morphology and whether or not the morphology of the colony plays 
a role in germ cell differentiation remain to be exploited.  
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Figures 
 
Fig. 3.1. The Embryoid Body (EB) harboring low EGFP expressed cells differentiated within  (B) 
and its phase contract microscope image (A).  The EB harboring high EGFP expressed cells 
within  (D) and its phase contract microscope image  (C). Scale bar, 200μm. 
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Fig. 3.2. Expression of marker genes for the gonad and germ cells were examined in 
undifferentiated ESCs and EBs. EF1α is the loading control. 
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A 
 
B 
 
Fig. 3.3. Enhanced green fluorescent protein (EGFP)-expressing ESCs. A, The clones were 
cataloged as “+”, ”+/-”, ”-”. Clone contains colonies among which over 70% have round shape 
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(a,b) in the gross was defined as “+”. Clone contains colonies among which over 70% have 
irregular shape (e,f) on the whole was define as “-”. Clone contains colonies among which 
irregular shape ones account for 30%-70% in the population was defined as “+/-” (c,d). Colonies 
merged  (<10%) were not considered. Images of cell colonies under Bright light and UV light are 
shown. Scale bar, 200μm. B, Control, shRhox6,shRhox6/9 and shRhox9 are OGR1 ESCs 
separately electroporated with scramble DNA, shRNA against Rhox6,shRNA against Rhox6 and 
Rhox9 and shRNA against Rhox9. shRhox9 serves as an internal control.Percentage of number of 
clones in different shape is plotted.  
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Fig. 3.4. Frequency of EBs with high EGFP expression that derived from Control-, shRhox6-, 
shRhox6/9 and shRhox9-OGR1. shRhox9-OGR1 serves as an internal control. *: p<0.001;  **: 
p<0.0001. 
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Fig. 3.5. Gene expression pattern in EGFP “High” EBs (+) and in EGFP “Low” EBs (-) derived 
from Control-, shRhox6-, shRhox6/9-OGR1 were examined.  EF1α is the loading control. 
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CHAPTER 4 
Conclusion 
        The data presented in this thesis are what I have conducted during my graduate studies for 
Master Degree in the laboratory of Dr. Tetsuya S. Tanaka. The goal of this research was to 
understand the role of Rhox6 in the male germ cell differentiation and the research presented in 
this thesis accomplishes this goal by generating chimeras harboring a hypomorphic mutation in 
Rhox6 in vivo and studying downregulated Rhox6 expression in the differentiation of germ cells 
from embryonic stem cell in vitro.  
        The results presented in Chapter 2 described the role of Rhox6 in maintaining normal 
phenotype of testes and spermatogenesis in mice. By generating chimeras as the model and 
through testes and sperm analysis, we found that almost all of the male chimeras exhibited 
dramatically reduced fertility associated with smaller testes, reduced sperm number and motility 
and abnormal morphology of the epididymal sperm. In particularly, half of the chimeras were 
sterile. Those results strongly indicate that the expression of Rhox6 plays an important role to 
maintain the normal function of the reproductive organs.  
        The results in Chapter 3 validated our presumption that expression of Rhox6 affects germ 
cell differentiation. By using embryonic stem cells as a model in culture, we successfully derived 
differentiation of germ cells from ESCs by means of the formation of EBs. The ES cell line 
(OGR1) used in this research consistently express the enhanced green fluorescent protein (EGFP) 
under the promoter of Oct3/4. By generating EBs from the ESCs that stably express shRNA 
against Rhox6 and/or Rhox9 transcripts, I found that the number of cells that express EGFP in the 
EBs derived from shRhox6-OGR1 were dramatically reduced compared to the control. With the 
investigation of marker genes expression pattern between those EBs, we identified that the 
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expression of EGFP in the cells in EBs indicates the germ cells differentiation within EBs. 
Therefore, we conclude that the downregulation of Rhox6 expression prevented the 
differentiation of germ cells from ESCs.  
        The research presented in this thesis has contributed to a better understanding of some basic 
question as to whether or not Rhox6 plays a role in reproductive organs and if it is, how does the 
expression of it affects reproduction in mice.  The successful use of techniques such as RNA 
interference and gene trap have made it possible for us to investigate the mechanism of Rhox6 
function both at the cellular level and animal phenotype level.  
        Despite out current conclusion that the downregulation of Rhox6 impairs male germ cell 
differentiation, the results also have raised many other questions that remain to be explored in 
future studies. One of the problems that needs to be solved is the localization of Rhox6 
expression in embryos and the adult testis of the chimeras and the wild-type. Although 
localization of Rhox6 has been described (Han, 1998; Chun et al., 1999; Takasaki, 2000), due to 
the sequence of Rhox9 is highly homologous to that of Rhox6, it has been difficult to identify the 
exact localization of Rhox6 expression. A better understanding of the expression pattern of 
Rhox6 will help us to determine whether the expression of Rhox6 regulates the specification, 
differentiation or maturation of germ cells.  
        Furthermore, although we have identified that the expression of Rhox6 is required for germ 
cell differentiation, however, whether this expression of Rhox6 is autonomous or not remains 
unknown. In addition, because different percentage of chimeras exhibit different degree of 
defects in phenotype, sperm number and sperm abnormality, those results bring up questions 
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such as how much Rhox6 expression is required for germ cell differentiation that remains to be 
investigated.  
        A lot of important issues need to be investigated concerning the role of Rhox6 gene. Since 
Rhox6 has been described to have a much more abundant transcript accumulation in female germ 
cells than in male germ cells in later embryonic development (Takasaki et al., 2000; Daggag et 
al., 2008), the role that Rhox6 plays in female gametogenesis remains to be explored. 
Furthermore, because Rhox6 is highly expressed in placenta (Tanaka et al., 2000), it will also be 
of interest to investigate the Rhox6 function during the development of this tissue.  Given the 
preliminary results we have obtained and the great potential that Rhox6 holds due to the 
expression pattern identified to date, the continuing study of Rhox6 will promisingly provide 
important insights into the mechanisms at least in regulating male fertility.    
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APPENDIX A 
Figure: 
 
 
Fig. A1.  (A) Schematic representation of the Rhox6 gene structure.  (B) The gene trap cassette 
integrated in 80.1H12. The Rhox6gene is about 2.9kb long. Length of introns is not scaled in this 
figure.  
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Fig. A2. The vector used in this study.  
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